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EXECUTIVE SUMMARY 

Mechanical alloying (MA) of powders followed by hot pressing or extrusion has 
been used in our laboratory to produce NiAl-based materials. As reported earlier, the 
technique proved to be capable of producing fully dense, free of cracks, fine grained 
materials containing a bimodal distribution of aluminum oxide dispersoids. The 
mechanically alloyed (MA) materials produced in our laboratory were much stronger at 
both ambient and elevated temperatures and significantly more ductile than their cast 
counterparts. Minimum creep rates in the MA NiAl were on average three orders of 
magnitude lower than those in their cast counterparts. The creep resistance of the MA 
NiAl was found to be better than that of solid solution- and other dispersion-strengthened 
NiAl and comparable to the creep resistance of precipitation-strengthened NiAl. 

This report summarizes our recent attempts to further improve high temperature strength 
and creep resistance of MA intermetallics. 

The first approach was to subject MA NiAl to normal grain growth and secondary 
recrystallization (SRx) and the latter mechanism proved to significantly improve creep 
resistance. The minimum creep rate in SRx material was decreased one to two orders of 
magnitude in comparison to creep in the as-extruded condition. This indicates a 
contribution from grain boundary sliding to the creep rate of these materials. 

A different approach was to first synthesize NiAl powder containing about 5% A1N 
dispersion by mechanical alloying of elemental nickel and aluminum under a nitrogen gas 
atmosphere. Then, composites containing 5, 15 and 30 vol.% of AI2O3 fibers in addition to 
the A1N dispersion particles were fabricated by hot pressing a dry blend of the MA NiAl 
powder and the fibers. As-fabricated microstructures revealed that the composite is fully 
dense and bonded well with the randomly distributed AI2O3 fibers. Neither chemical 
reaction nor cracks were observed at the fiber/matrix interface. The current composite is 
one of the strongest NiAl-based alloys ever produced. 

In yet another attempt to optimize high temperature properties of intermetallics we 
focused on a more refractory, NbsAl compound. The materials based on NbsAl offer a 
potential for high temperature structural applications because of this compound'   s high 
melting point and moderate density. It has been shown that mechanical alloying followed 
by hot pressing is a viable processing route for niobium aluminide intermetallics. The 
compressive strength of the examined materials was found to be superior to the NiAl alloy 
processed and tested at the same conditions, but the ductility was lower. The minimum 
creep rates of both tested materials were found to be approximately one order of 
magnitude less than those in MA NiAl. 

The creep rates in the present materials approach those in NASAIR 100, a first generation 
Ni-base single crystal superalloy. 
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PART A : NiAl-BASED MATERIALS 

A STUDY OF NORMAL GRAIN GROWTH, SECONDARY RECRYSTALLIZATION, 
AND HIGH TEMPERATURE PROPERTIES IN MECHANICALLY ALLOYED NiAl 

Mechanical alloying of powders followed by hot extrusion has been used in our laboratory 
to produce NiAl-based materials. As we reported earlier, the technique proved to be capable of 
producing fully dense, free of cracks, fine grained materials containing a bimodal distribution of 
aluminum oxide dispersoids. The mechanically alloyed (MA) materials produced in our laboratory 
were much stronger at both ambient and elevated temperatures and significantly more ductile than 
their cast counterparts. Minimum creep rates in the MA NiAl were on average three orders of 
magnitude lower than that in their cast counterparts. The creep resistance of the MA NiAl was 
found to be better than that of solid solution- and other dispersion-strengthened NiAl and 
comparable to the creep resistance of precipitation-strengthened NiAl. We demonstrated that 
improved mechanical properties of the present materials result from their unique microstructure. 

In yet another attempt to further improve creep resistance of MA NiAl, the material was 
subjected to normal grain growth and secondary recrystallization and the latter mechanism proved 
to significantly improve creep resistance. Actually, the density compensated creep rate of 
secondary recrystallized MA NiAl is comparable to some superalloys, as can be seen in Fig. 12. 
What follows is a report on the results of our studies on the modifications of the microstructure 
of MA NiAl and their effects on mechanical properties. The results of our TEM studies on crept 
MA NiAl specimens were described in the 1995 first progress report. 

1. INTRODUCTION 

Improvements in the creep resistance of dispersion strengthened (DS) materials are known 
to result from an increase in grain size and grain aspect ratio [1,2]. Furthermore, the creep rate 
was shown to be proportional to the dispersoid size [2,3], Consequently, the production of coarse 
grain structures, in combination with a fine dispersoid size represents an attractive design 
philosophy to improve the creep properties in mechanically alloyed (MA) NiAl. To achieve this, 
secondary recrystallization (SRx) must be used, since SRx represents a mechanism that can give a 
pronounced increase in grain size, without concurrent dispersoid coarsening, in a clear contrast to 
normal grain growth (NGG). 

In our laboratory, a study was undertaken to determine the conditions for SRx to occur 
and then to produce a coarse grain structure by SRx which can be induced by thermomechanical 
treatment of MA NiAl. The normal grain growth behavior in MA NiAl, which is frequently 
observed during simple isothermal annealing, was also characterized [4], The results of these 
studies can be summarized as follows: 

Grain growth was observed in the consolidated MA NiAl on isothermal annealing in 
excess of 1325°C. Abrupt grain growth occurred around 1375°C corresponding to 
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enhanced dispersoid coarsening. The grain growth obeys the normal grain growth 
equation of the form D=ktn. The time exponent was about 0.3 and increased with 
increasing temperature as is typical of DS materials. The apparent activation energy for 
grain growth was found to be 162 kJ/mole. This appears to be higher than the activation 
energy for normal grain growth in single phase NiAl, indicating that typical controlling 
mechanism by boundary diffusion in normal grain growth was affected by dispersoid 
interactions. 

The dispersoid coarsening accompanying grain growth also obeys the normal type of 
particle coarsening kinetics of the form L=ktn, where L is dispersoid spacing. The mean 
particle spacing increases with increasing temperature and the time exponent is less than 
1/4 which is less than that of conventional Ostwald ripening theory, assuming that particle 
coarsening is controlled by grain boundary diffusion. The activation energy for dispersoid 
coarsening was found to be 143 kJ/mole which is on the order of the activation energy for 
grain boundary diffusion of Ni in NiAl. The particle coarsening involves the drag of 
dispersoids by migration of grain boundaries during normal grain growth, leading to 
particle encounters and coalescence. 

Inhibition of normal grain growth and the presence of texture were shown to be 
prerequisites for secondary recrystallization to occur. SRx can be developed in these 
materials during isothermal annealing under certain processing conditions which provide 
residual strain energy and/or result in finer grain size. The occurrence of SRx was shown 
to be enhanced by providing an additional driving force in the form of strain energy of cold 
work. Grain boundary movement during SRx was shown to be very rapid and the grain 
boundaries bypassed the dispersoids resulting in a much finer dispersoid size in the SRx 
region than in the normal grain growth region. 

Large, elongated grains having a grain aspect ratio of 5 were produced by SRx after the 
thermomechanical treatments. The secondary recrystallization temperature (TSRx) depends 
on extrusion parameters and amount of prestrain. The <110> texture in the as extruded 
MA NiAl is strengthened after SRx. 

In this report, we present the results of our recent studies on the effects of the grain 
coarsening mechanisms (SRx and NGG) on mechanical properties at ambient and high 
temperatures. Creep properties of grain coarsened MA NiAl are compared with those of as- 
consolidated MA NiAl and correlated with the microstructures. The mechanisms controlling creep 
and the threshold stress behavior in SRx MA NiAl are also explored. 

2. EFFECT OF GRAIN COARSENING ON MECHANICAL PROPERTIES 

In order to investigate the effect of grain coarsening on mechanical properties, specimens 
were isothermally annealed at 1375 °C for one hour for normal grain growth and SRx specimens 
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were prepared by thermomechanical treatment including 5% prestrain at room temperature and 
subsequent annealing at 1300° C for one hour. The unrecrystallized regions at the ends of 
specimens were removed during EDM machining. The grain size in normal grain growth 
specimens was about 7 ßm and that in SRx specimens about 2000 ym in the transverse section 
with each grain running the full 8mm length of the specimen. 

2.1. Microhardness Measurements 

Based on results of isothermal annealing experiments, microstructures with different grain 
sizes and dispersoid spacings were produced. Microhardness (HV) was measured and an attempt 
to correlate it with grain size (D) and dispersoid spacing (L) was made. The data were plotted as 
shown in Fig. 1. A linear regression analysis based on the data gives; 

HV = -129.7 + 215.6D"': + 804.6L"H 

Thus, a Hall-Petch type relationship between the microhardness and both grain size and dispersoid 
spacing was found in the present study. Also, the microhardness is affected stronger by dispersoid 
spacing than by grain size in MA NiAl. 

HV measurements were performed on sections parallel and perpendicular to the extrusion 
axis in both NGG and SRxed material to determine if there was an orientation dependence of the 
mechanical properties. No distinguishable differences in both directions were found. 

2.2. Hot Compression Tests 

Flow curves (true stress-strain curves) of SRxed MA NiAl at 800°C, 850°C and 900°C 
are presented in Fig. 2. The flow curve of NGG material tested at 800°C, which was produced by 
isothermal annealing at 1375°C for an hour, is also presented in Fig. 3. The 0.2% offset yield 
stresses and total strains are listed in Table 1. 

Table 1. Yield Stress and Strain of SRx and NGG MA NiAl 

Specimen Temperature Yield Stress Mpa Strain 

NGG 800 °C 181 0.28* 

SRx 800°C 224 0.28* 

SRx 850°C 192 0.28* 

SRx 900°C 160 0.28* 

* Strains at which tests were stopped. 

The general trend in high temperature flow behavior of the specimens grain coarsened by 
either NGG or SRx is shown to be similar to that of as-extruded specimens [5], exhibiting 
continuous yielding followed by work softening. Work softening behavior was frequently 
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observed in dispersion strengthened NiAl during hot compression tests above 800 K, presumably 
due to either microcrack formation or dynamic recovery during the hot deformation process [6]. 
Though microcrack formation might be considered responsible for the work softening due to the 
compression test mode [6], the inherent work softening mechanism by dynamic recovery or 
dynamic recrystallization [7] is believed to be responsible in this case. Although microcracks were 
occasionally found in the hot compression test specimens, most specimens which did not form 
microcracks during the test also showed work softening behavior. Recent TEM studies support 
the hypothesis since specimens deformed at high temperature exhibited much lower dislocation 
density than those deformed at lower temperature after the same amount of deformation [8]. 

As expected, the coarser microstructure in the NGG and SRx specimens leads to lower 
yield stresses below 800°C in comparison with as-extruded specimens, Fig. 4. The higher yield 
stress in SRx specimens, compared to NGG specimens, at 800 °C, is believed to result from the 
finer dispersoid size in the SRx specimens. The 0.2% offset yield stress of the SRx specimens 
exceeds that of the as-extruded specimens at 900 °C, indicating that grain boundary sliding makes 
a significant contribution to the strain at that temperature and strain rate of 8.5x10"4 sec"1. This 
result is in agreement with that reported in MA NiAl-Fe, where flow stress at a strain rate of 
2X10"4 sec"1 is very sensitive to grain size at 1000°C [9]. Grain size strengthening is generally 
expected during low temperature deformation, where slip by dislocation glide is dominant 
[10,11], but flow stress is expected to be directly proportional to grain size once diffusional 
deformation conditions are predominant, usually at high temperature and low stress. 

3. CREEP PROPERTIES OF GRAIN COARSENED MA NIAL 

3.1. General Creep Trends 

Compressive creep tests were performed on SRxed and NGG specimens, at a constant 
load applied parallel to the extrusion axis ranging from 40 MPa to 180MPa at 800°C, 850°C and 
900°C for 20 hours. The normalized creep condition in this study is 0.56<T/TM<0.61 and 4x10" 
4<o/G<3xlO"3, assuming no significant differences in shear modulus between as-extruded and SRx 
conditions. Creep curves of grain coarsened specimens obtained at 850° C and 110 MPa are 
presented in Fig. 5. In the figure, creep curves of as consolidated MA NiAl as well as cast NiAl 
are presented for comparison. The creep curves show primary and steady state creep but not 
tertiary creep, due to the compressive creep mode used in which most microstructural instabilities 
such as microcracking or necking are suppressed [6]. 

As can be seen, the creep resistance of MA NiAl is considerably improved by SRx, while 
the curve of NGG specimen shows very poor creep resistance despite a larger grain size 
compared to as-consolidated specimens. Significant dispersoid coarsening in the NGG specimen is 
responsible for the poor creep properties similar to the creep properties of single phase, cast NiAl 
(curve 1 in the figure). On the other hand, the considerable increase in grain size combined with 
fine dispersoid size in the SRx specimens is responsible for the improved creep resistance. 
Partially SRxed specimens (SRx+NGG), which were occasionally produced during the 
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thermomechanical treatments, show large creep strains and a high creep rate due to the poor 
creep properties of the NGG areas in the specimen. 

The shapes of crept specimens, which were tested at 850°C and 110 MPa for 20 hours, 
are presented in Fig. 6. As can be seen, there is very little shape change in the SRx specimen, 
whereas the NGG specimen shows barreling and a significant decrease in length and increase in 
surface area. The partially recrystallized specimen (SRx+NGG) shows NGG material in the center 
area, extruded from the sample. 

SRx specimens for compression typically consist of less than 5 grains with each grain 
running the full length of the specimen. 

3.2. Creep Mechanisms in SRxed MA NiAl 

The steady state creep rate (es) and the total creep strain for SRxed specimens are shown 
in Table 2. 

Table 2. Steady State Creep Rates (sec"1) for SRxed MA NiAl 

40 MPa HOMpa 180 Mpa 

800°C 1.6xl0"8(0.55%)* 

850°C 
6.6x10"8 (0.88%)* 
4.0x10"8 (0.90%) 

900 °C 6.59xl0-9(0.9%) 
8.6xl0"8(1.43%)* 
7.2x10"8 (1.70%) 

4.57xl0-7(31%) 

Note:  * denotes 2nd set of SRx specimens, the numbers in 
parenthesis indicate the total creep strain in 20 hrs. 

The total creep strains are less than 2% over the whole temperature range at 40 and 
1 lOMPa, and 31 % at 180 MPa and 900°C. 

In order to characterize the creep mechanisms, the activation energy and the creep 
exponent were calculated based on the creep data. The apparent activation energy for creep (Qapp) 
was obtained from an Arrhenius plot of In es versus 1/T at constant stress, Fig. 7; 

d\ne 
O    =-R( -)linMP =177kJ/mole <~app \ -v. /"~p\' 1 lOMPa 

The stress exponent (n) was also estimated from the plot of 
In ss versus In a at constant temperature, Fig. 8; 
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The apparent activation energy for creep in SRx MA NiAI is almost the same as the activation 
energy (175kJ/mole) in the as-extruded condition [12], but the apparent stress exponent for the 
SRx condition is higher than that (n=2) for as-extruded condition. The activation energy obtained 
in this study is in the range of the activation energy for the self diffusion of Ni (150 kJ/mole~250 
kJ/mole) in NiAI [13,14], indicating that the creep process is controlled by diffusion regardless of 
the dominant creep mechanisms [15, 2]. 

The creep behavior in SRxed MA NiAI is considered to be controlled by dislocation creep 
mechanism, since the stress exponent (n=3.05) is consistent with this mechanism [16,17,18]. No 
apparent grain size effect is expected in dislocation creep [11], however, minimum creep rates are 
in SRx MA NiAI significantly lower than in its as-extruded counterpart [12]. The creep rates 
decrease between one and two orders of magnitude in the SRxed condition. This suggests that the 
grain boundary sliding mechanism [19], which is believed to be accommodated by dislocation 
creep in the as-extruded condition, is suppressed by a reduction in the numbers of grain 
boundaries and results in lower creep rates. Obviously enough, in addition to the grain size effect, 
the inherently fine dispersoid size in the SRxed condition is believed to play an important role 
during creep; dispersoid coarsening leads to increased creep rates in the NGG condition. 

Creep of conventional dispersion strengthened materials is characterized by i) high values 
of apparent activation energy for creep, ii) abnormally high values of stress exponent (n~40), and 
iii) the existence of a threshold stress (oj below which no measurable creep rate can be detected 
[20, 21,2]. Lund and Nix suggested that the abnormally high values of Qapp were attributable to 
the temperature dependence of the elastic modulus and the abnormally high values of n in DS 
materials [20]. The abnormally high n value in DS alloys arises from the presence of a threshold 
stress which is believed to originate from the resistance to dislocation motion by particles 
[2,3,22]. In a clear contrast to conventional DS counterparts, SRxed MA NiAI does not exhibit an 
abnormally high apparent activation energy for creep or apparent stress exponent. This is in part 
due to the relatively insensitive temperature dependence of the elastic modulus in NiAI [23, 24], 
and the low threshold stress value observed in as-consolidated MA NiAI [12]. 

In order to rationalize the elastic modulus effect on Qapp, the true activation energy (Qc) 
for creep was estimated using the elastic modulus compensated creep equation proposed by 
Shelby [25], The equation is given by; 

e = A\-^—fexp(-^-) 
E(T) RT 

Since the creep rate of many ODS alloys is determined by an effective stress (o-o^) [21, 2], the 
normalized creep equation with respect to the effective stress is generally expressed by; 
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o-o, _ O 
8 =A0( ^)ncexp(--^) 

where AQ is a structural dependence constant and r^ is the true stress exponent, Qc is true 
activation energy and other parameters have their usual meaning. The true stress exponent, n^ can 
be normalized with respect to the apparent n; 

n0 = n^ = n:i-(f£);] 
a a 

As can be seen, the apparent n value will increase for any finite value of o^, and the larger the o& 

the larger the n value for a given o. From the equations, Qc can be derived by; 

O =-RCU^VnRd'"E(T>=0    +nR!l|E 
0(1/T)  °        dln(l/T)    ~app E <3T 

Assuming no significant differences in elastic modulus between SRx and as-extruded condition, an 
elastic modulus equation which was experimentally determined for <110> oriented single crystal 
NiAl [26] was applied in this calculation; 

E(T) = 195.055 -0.0S49T(GPa) 

where T is in K. Based on this equation, the E(900°C) and 8E/ÖT (900°C) were found to be 
154.1 GPa, -0.0349 GPa/K, respectively. Using n=3.05 and Qapp=177kJ/mole, the true activation 
energy was estimated to be 169.1 kJ/mole. Thus the Q^ measured in SRxed MA NiAl is very 
similar to the true value because of the relatively insensitive temperature dependence of the elastic 
modulus. A similar result was shown in a previous creep study for as-extruded MA NiAl in which 
Qapp and Qc were found to be equal to 175 and 174.2 kJ/mole, respectively [12]. 

3.3. Threshold Stress Behavior 

Since the stress exponent in SRxed condition is in the normal range for dislocation creep 
mechanism, the threshold stress is expected to be small. However, it is necessary to examine the 
threshold stress behavior in this material since the creep rate of many ODS alloys is determined by 
an effective stress (0-0,1,) [27, 21, 2]. The threshold stress can be measured by either a load 
reduction test at constant temperature[28] or a graphical method [29, 3], and the estimated 
threshold stress by the graphical method shows good correlation with measured threshold stress in 
the as extruded MA NiAl [12]. In this study, an estimation of the threshold stress for SRxed MA 
NiAl was made using the graphical method. 

From the normalized creep equation, the threshold stress can be estimated by 
extrapolating a linear plot of [iJA^ exp(-Qc/RT)]1/n- versus o/E(T) to the zero values of 
normalized stress [3]. For the plot, n^ is generally preset to the normal value of n for dislocation 
creep (n=4) in the ODS alloys which have abnormally high n value [3], but the r^ can be set to 
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3.05 in this case since the apparent stress exponent is in the normal range of dislocation creep. Qc 

is set to 169.1 kJ/mole, and Ao is determined from the rearranged creep equation using 
experimental creep data; 

i 

E(T) n0RT 

Using the data, a linear plot of [es/A exp(-Q/RT)]1,n- versus o/E(T) was made, Fig. 9. and the zero 
intercept value was found to be aJEgoo^^xlO"5. Hence, putting E900oC=154.1 GPa, the 
estimated threshold stress for SRx MANiAl at 900°C is found to be 3.4 MPa. Given 
experimental errors, this result implies that o^ is negligible in the SRx condition. As a reference, 
o± in as-extruded MA NiAl was found to be about 20 MPa [12]. 

The origin of the threshold stress in as-extruded condition was considered to be the 
threshold stress for localized dislocation climb under equilibrium conditions over non-attracting 
particles [12]. This model was proposed by Rosier and Arzt [30], and provides the best estimate 
of the threshold stress in MA NiAl among the currently available models. The threshold stress 
proposed by the model is given by: 

Z*=ii 
T        1 

where h is the particle height (-particle radius), 1 is planar spacing of the particles. The threshold 
stress can be expected to decrease with particle coarsening assuming no change in volume fraction 
during the test. Thus the lower value of threshold stress in the SRxed condition can be attributed 
to dispersoid coarsening during SRx. It has been suggested that threshold stress could depend on 
grain size through the fluctuation of boundary area when the grain boundary sliding 
accommodation process was considered [31]. In this model, the threshold stress is considered to 
be the stress necessary to enable deformation to continue and is estimated to be ~0.72y/d, where 
d is grain size. 

Using the estimated threshold stress, the stress exponent, which was initially set to 3.05, 
can be verified from the diffusion compensated, normalized creep equation in the form of; 

e (a-o-J _ 
-i=An[-—-:° 
D      °    E(T) 

The diffusion compensated, normalized plot is presented in Fig. 10 and i^ was found to be 3.02 
which is almost identical to the apparent stress exponent (n=3.05). This implies that the apparent 
creep parameters are not very different from the true values due to the low value of threshold 
stress in SRxed MA NiAl. In the figure, the plot for as-extruded specimens [12] is also presented 
for comparison. As can be seen, in comparison to the creep of as-extruded condition, the true 
stress exponent increases from 1.42 to 2.46, and the effective creep rate was decreased one or 
two orders of magnitude by secondary recrystallization. The increase in true stress exponent 
implies that the contribution of grain boundary sliding accommodation to the dislocation creep in 
MA NiAl is greater in the fine grained as-extruded condition because the TIQ in the as extruded 
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condition is close to 1 (diffusional creep), but the contribution becomes smaller due to the 
reduction of grain boundaries in the SRx condition leading to higher values of iv 

3.4. Effect of macrostructure on creep 

Compressive creep properties of SRxed MA NiAl at 900 °C are compared with the creep 
data for the as consolidated MA NiAl tested at 900 °C and published creep data for NiAl tested at 
927°C (1200 K), Fig. 11. Creep properties of MA NiAl were shown to be enhanced by 
mechanical alloying process in comparison with their cast counterpart or other DS NiAl produced 
by Rapid Solidification Technology. SRx specimens having a coarse grain structure with fine 
dispersoid were shown to exhibit significantly improved creep properties. The grain aspect ratio in 
the SRxed specimens was about 4 with full grain length parallel to the stress axis, whereas all of 
the other materials were equiaxed. It has been shown that the high temperature strength and the 
threshold stress generally increase with increasing grain aspect ratio in DS materials [1] due to the 
minimization of grain boundary sliding by reduction of the number of grain boundaries with an 
imposed shear stress. In addition, high grain aspect ratio morphology can reduce cavity formation 
and growth as proposed by Arzt and Singer, leading to reduction in creep rates [32]. Arzt and 
Singer suggested that cavity growth on transverse boundaries (in tension) produces 
incompatibilities between neighboring grains but it can be eliminated by local grain boundary 
sliding in the longitudinal direction [32]. However, such an improvement in creep properties by 
minimizing cavitation in high grain aspect ratio is not expected in compression mode [33, 34]. 

It is also reported that the creep rates will be significantly different depending on testing 
modes especiallyÄn small, sized and equiaxed specimens, [32] .,Timmins and Arzt have .shown that creep paranelTo tneTongifuainaT grain direction of MäOöW (high gram aspect ratio structure; in 
tension is similar to that in compression whereas transverse creep in tension is considerably worse 
in comparison to compression mode in which cavitation is almost completely suppressed [33]. In 
other words, an increase in the number of transverse grain boundaries (as in small grain size) 
resulted in considerable creep rate enhancement in tension, while such a change was not observed 
in compression. Although the cavitation mechanism is not expected in compression creep mode, 
the minimization of grain boundary sliding by reduction of grain boundaries under the shear stress 
can still be of significance in compression creep [33], 

NiAl can give a reduction in weight by as much as 40% with consequent reduction in 
centrifugal stress in comparison to current superalloys for gas turbine engine applications. For this 
reason, comparison of mechanical properties by density compensation was madd. The density 
compensated creep rate of SRxed MA NiAl at 900°C is comparable to some superalloys, Fig. 12. 

3.5. Summary 

The results of the reported studies are summarized below. 

1.        Microhardness of MA NiAl as a function of grain size and dispersoid spacing obey Hall- 
Petch type relations, with stronger correlation with dispersoid spacing than with grain size. 
Microhardness and hot compression results show that SRx materials are superior to the 
material grain coarsened by normal grain growth. Although the assessment of ductility is 
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only qualitative the results from this work suggest that fine dispersoid might be used for 
ductility enhancement in MA NiAl without the necessity of a fine grain size. 

2. Enhanced dispersoid coarsening during normal grain growth led to poor creep properties 
similar to single phase NiAl, despite an increase in grain size. On the other hand, 
pronounced grain coarsening and high grain aspect ratio combined with fine dispersoid 

. size produced by SRx result in improved creep resistance in comparison to creep in both 
the as-extruded condition and the normal grain growth condition. 

3. The apparent activation energy and stress exponent for creep in SRx MA NiAl were found 
to be 177 kJ/mole and 3.05, respectively. The Qapp appears to be in the range of the 
activation energy for self diffusion and the values of the stress exponent and Qapp point to 
dislocation creep controlled by climb, as prevailing creep mechanism. The minimum creep 
rate in SRx material was decreased one or two orders of magnitude in comparison to 
creep in the as-extruded condition. This indicates a contribution from grain boundary 
sliding to the creep rate of these materials. 

4. The threshold stress is negligible in SRx MA NiAl. This is attributed to larger dispersoids 
compared to the extruded materials and a decrease in grain boundary area. 

5. Secondary recrystallization of dispersion strengthened intermetallics offers a potential 
processing route for optimization of the high temperature mechanical properties. 
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Fig. 1. Microhardness as a function of grain size (D) and dispersoid spacing (L). 
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Fig. 2. High temperature compressive flow curves of SRxed MA NiAl. 
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Fig. 4. Grain coarsening effect on 0.2% offset yield stress as a function of 
temperature. 



3 x 
3 

CO 
3 

CO 
CO 
'S" 
P5. 

CO + 
CO 

X 

CD 

0} O CD LL1 J£ X 
CO 

I 
Ü 

I 
O 

I 
i 

CO 

1 
i 

CO     | tr 

—
•—

 

1.
C

 z 
CM" 

z < < i 
id   1 

CO 

CO 

u 
o 
O 
in 
oo 
•a 
a 
cQ 

«J 

< 
Z 
< 

^^ 2 u» 
r* c ^~^. •«■• 

C/J 
CD 4> 

E 3 
u- O 

o. 
<u 
u 
1— 

U 
m 

0X1 

(X. 

o 
to 

o o 
CQ 

o 
CM 

(%) UIE^S 



SRx SRx + NGG NGG 

• 

ii nrf 
i 

nnnm Hi! 
14 

Tin 
i 

iiiiuiiiiiiiiiii mm 
16 7 ■ m 

Fig. 6. Shapes of the crept specimens of MA NiAl, tested at 110 MPa and 850 °C for 
20 hours (compression axis is vertical). 
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PART B : NiAl-BASED FIBER-REINFORCED COMPOSITES 

1300K COMPRESSIVE BEHAVIOR OF NiAl-AlN-AI203 COMPOSITES 

1. INTRODUCTION 

NiAI and NiAl-based alloys have been recognized as potential high temperature structural 
materials because of their attractive properties such as low density, high melting temperature, high 
thermal conductivity and excellent oxidation resistance [1,2]. However, the structural application 
of NiAI and its alloys is not possible at this time primarily due to their inherent brittleness and lack 
of fracture toughness at ambient temperature and poor creep resistance. A great deal of research 
has been focused on addressing these problems but an adequate balance of ambient temperature 
fracture toughness and high temperature strength have not yet been achieved. 

Currently developed A1N dispersion strengthened NiAI materials processed by cryomilling 
[3-5] or mechanical alloying (MA) [6-7] show excellent high temperature strength and are a 
potential replacement for current high temperature structural materials such as superalloys. 
Recently fiber-reinforced NiAl-based composites have been recognized as a viable route for 
improving both high temperature properties and room temperature toughness [8-12]. In order to 
achieve an adequate balance of room temperature fracture toughness and high temperature 
strength, a hybrid NiAI composite containing both A1N dispersion particles and A1203 fibers has 
been developed [7]. A1N dispersoid particles not only improve the high temperature strength and 
oxidation resistance of NiAI but also may affect the bonding characteristics at the fiber/matrix 
interface. The presence of the dispersoid particles in the matrix may reduce the coefficient of 
thermal expansion (CTE) mismatch at the interface [6]. The key factors in the selection of a 
suitable fiber-reinforcement material are : (l)the chemical compatibility of the fiber with the 
matrix [13] and (2)close match in CTE between the fiber and the matrix. Although there are 
several reinforcement materials which are chemically compatible with NiAI alloys, there are only 
a few among these which have a CTE matched closely to that of NiAI alloys. The thermal 
expansion coefficients for many of the compatible reinforcement materials are much lower than 
that of NiAI alloys. Furthermore, relatively few types of fibers are commercially available. This 
severely restricts the choice of potential reinforcement materials. Considering these parameters, 
A1203 fiber has been selected as the reinforcement material. 

In this paper the 1300K compressive strengths of NiAl-based composites containing both 
5 vol. % A1N and various vol. % of A1,03 fibers are presented. 

2. EXPERIMENTAL PROCEDURES 

NiAI powder containing 5.6 vol. % A1N dispersion was synthesized by mechanical 
alloying (MA) of elemental nickel and aluminum powder under nitrogen atmosphere [6,7]. Nextel 
610 fiber (A1203, >99 wt.% ; density = 3.88 g/cm3) manufactured by 3M [14] was obtained in the 
form of short fibers with an average diameter of 12 urn and length of 3.2 mm (aspect ratio 1:267). 
Composites were fabricated by hot pressing a dry blend of the as-milled NiAI powder containing 
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5 vol. % A1N dispersion and 0, 5,15 or 30 vol. % of A1203 fibers. The hot pressing of the 
composites was performed at 1473K and 120MPa for 3 hours in an argon atmosphere [15]. Once 
hot pressing was finished the sample was unloaded and furnace cooled to room temperature. Fig. 
1 illustrates the composite processing route. It should be noted that the ratio of NiAl to A1N was 
constant at 95:5 while the A1203 volume percentage changes from 0, 5,15 to 30%. 

The microstructure of the as hot pressed composites as well as their monolithic 
counterpart were examined using optical microscopy and transmission electron microscopy 
(TEM). TEM samples were prepared from discs sectioned perpendicular to the hot pressing 
axis. The thin foils were prepared by grinding, polishing and dimpling followed by ion milling 
under a typical condition of 5kV gun voltage, 3mA gun current and 12° specimen tilt angle. 
TEM investigation was carried out using a Philips CM 200 operating at 200kV. 

Rectangular cross-sectioned compression test specimens (3x3x6 mm3) were machined 
from hot pressed composites by wire-EDM from the monolithic material and by diamond grinding 
from the composites, with the length parallel to the hot pressing direction.   The constant velocity 
compression tests were carried out in air at 1300K at nominal strain rates of 8.5X10"4, lxlO"4, 
lxlO"5 and l.SxW6 sec"1 using a modified Instron universal testing machine [16]. The load- 
displacement data were converted to true compressive stress-strain assuming conservation of 
sample volume [17]. Constant load compressive creep tests were also performed on the 0% and 
30% composites at 1300K and 110 MPa in air using a modified SATEC M-3 creep system 
equipped with SiC push rods. The time-displacement data were translated into creep curves 
following methods described elsewhere [18]. 

3. RESULTS AND DISCUSSION 

3.1. Microstructure 

Optical micrographs of the as-hot pressed materials, Fig.2, showed that all materials are 
fully dense and free from cracks. Typical microstructure of NiAl matrix, Fig.2(a), shows a 
relatively homogeneous distribution of second phase particles (darker regions) in the NiAl matrix. 
However, dispersion scarce regions (marked arrow) are also observed in the matrix and the 
typical volume percentage of this feature is determined as less than 1 % by point counting 
method. These regions are likely associated with partially processed MA powders [19]. The 
second phase particles were identified as A1N (and also small amount of A1,03) by using X-ray 
and electron diffraction and energy dispersive spectrometry [7]. The microstructure of the 30% 
composite, Fig.2(b), shows a homogeneous distribution of randomly oriented fibers in the matrix. 
Few pores were visible in the matrix and at the fiber/matrix interface (typically less than 2 volume 
percent in the 30% composite), and the fiber bonded well with the matrix without any cracks 
being observed, Fig.2(c). 

TEM images of the matrix, Fig.3(a), confirmed that the dispersoid particles (marked 
arrow) are distributed quite homogeneously throughout the NiAl matrix (marked A). The NiAl 
grains and second phase particles have quite a broad range of sizes. Most of the NiAl grains are 
within the size range of 0.1 to 0.7 urn, but a few large grains (1-3 um) were also observed. 
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While many of the small NiAl grains are particle-free, larger grains contain dispersoid particles 
within the grains. The dispersoid particle size is bimodal and small particles range from 10 to 
150nm dispersed throughout the matrix and larger ones range from 0.1 to 0.7um preferentially 
distributed at the grain boundaries. Fig. 3(b) shows that while the A1N particles (marked B) are 
distributed both within the NiAl grains and at the grain boundaries, the A1203 particles (marked C) 
tend to reside along the grain boundaries. TEM studies of the as-hot pressed composites revealed 
that the fiber bonded very well with both the NiAl grains, Fig.4(a), and dispersoid particles, 
Fig.4(b), i.e. no cracks or voids were detected. Chemical reaction between fiber and matrix is not 
evident. While NiAl grain and the fiber always formed quite discrete interfaces, the interface 
between dispersoid particles and the fiber was occasionally diffuse and obscure. The similarity of 
the chemical composition between the fiber and the oxide particles may have caused the 
continuity at the interface. Few dislocations were observed in the small NiAl and A1203 fibers in 
as-fabricated composites and only a few very large NiAl grains near fibers, Fig. 4(a), showed some 
dislocations. The energy dispersive analysis in the TEM shows that the NiAl grains in both NiAl- 
A1N and NiAl-AlN-Al203 composites have a composition close to stoichiometry (50/50) but 
nickel rich grains were also frequently observed throughout the specimen. The statistical analysis 
of NiAl composition and grain size variation as a function of A1203 fiber vol. % is currently under 
investigation and will be reported elsewhere. 

3.2. Mechanical properties 

3.2.1. Compressive stress-strain behavior 
The constant velocity compression tests were carried out for NiAl-AIN, NiAl-AlN- 

5%A1203 15% and 30% composites in air at 1300K at nominal strain rates of 8.5x10^, lxlO"4, 
lxl0"5 and 2.8x10"6 sec"1. True compressive stress-strain curves of NiAl-AlN-Al203 composites at 
1300K as a function of strain rate and A1203 fiber vol. % are shown in Fig.5. In all cases, the flow 
stress increased with increasing strain rate.   For the 0, 5, 15% composites yielding was followed 
by work hardening. Once the stress reaches the maximum value, either strain softening (strain 
rate > lxlO"5) or constant stress flow (< lxlO"5) took place at around 2% strain. However, the 
30% composite showed strain softening as it reaches its 0.2% offset yield stress at all strain rates. 

At the strain rate of lxlO"4, the yield stress of the monolithic NiAl and the 30% composite 
is measured as 205 and 330 MPa, respectively. The yield strength of the 30% composite is more 
than 60% greater than its monolithic counterpart and is similar to the yield strength of cryomilled 
NiAl-30%AlN composite developed by Hebsur et al.[5]. Fig.6 shows the 0.2% compressive yield 
stress of the composites as well as the matrix at 1300K as a function of the fiber vol. % at various 
strain rates. It clearly demonstrates that the composite strength increases as the fiber vol. % 
increases at all strain rates. The data points at each strain rate are fitted to the linear equation 

ö     = G     + C Vr (1) cy my f v1/ 
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where ocv is composite yield stress , amv is matrix yield stress , Vf is fiber volume fraction and C 
is the slope of the curve. The regression results, along with the coefficient of determination Rd

2, 
are shown in Table 1. The results indicate that the yield strength of the composites increases 
linearly as the fiber vol. % increases. However the effect of the fiber volume fraction on the 
composite 
yield strength, i.e. C, is much greater at faster strain rates (> lxl0"4) than at slower strain rates 
(< lxl0'5) where thermally activated processes can play a dominant role. This suggests that the 
composites are more sensitive to the strain rate than the monolithic material and this behavior can 
be better explained by analyzing flow stress-strain rate behavior. 

Table 1. The linear regression fits of the 0.2% yield stress - A1203 fiber vol. % relationship for 

Strain rate (sec"1) om.(MPa) C(MPa) R,2 

8.5 xlO"4 255 ±3 457 ± 22 0.995 
1 xlO"4 196 ±9 421 ± 57 0.964 
1 x 10'5 149 ±8 266 ± 52 0.928 
2.8xl(r* 113±5 264 ±31 0.973 

3.2.2. Constant load creep behavior 

Constant load compressive creep tests were also performed on the 0% and 30% 
composites at 1300K and 1 lOMPa in air. The creep curves showing the true compressive strain- 
time relation is shown in Fig. 7. Primary creep is followed by steady state creep, which begins 
after about 5 hours. The results show that the steady state creep rate of the 30% composite 
(2.3x10'8 sec-1) is more than one order of magnitude slower than that of the monolithic 
counterpart (3.1 x 10"7 sec"1). 

3.2.3. Strain rate-flow stress behavior 
The strain rate-true compressive stress behavior of the composites as well as the matrix 

was studied by using the data collected from constant velocity compression tests. The 3% flow 
stress was used when the stress-strain behavior showed constant flow and 0.2% yield stress was 
used as the flow stress when strain softening was observed [3,17]. The data from constant load 
creep tests were combined with the constant velocity compression data and the results are shown 
in Fig.8.    The flow stress, o, and strain rate, e, data for each material were fitted to the 
standard power law relation, 

e = A on (2) 

where A is a constant and n is the stress exponent. The values of A, n and the coefficient of 
determination, Rd

2, are listed in Table 2. The results show that all the materials are in a single 
deformation regime within the boundary of the current investigation showing a good linear fit 
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through the data collected from two different methods, constant load creep and constant 
compression test. 

Table 2. The power law fits of the true compressive flow stress - strain rate relationship for NiAl 
composites at 13 00K 

Sample A (sec'1) n R/ 
NiAl-AIN                                5.97 xlO'26                             9.1 0.996 
NiAl-AlN-5Al,03                    2.88x10"                             7.5 0.998 
NiAl-AIN-15Ä1A                  5.18 xlO'24                             8.0 0.997 
NJA1-A1N-30A1A 3.42 xlO"24 7_8 0.994 

The flow stress-strain behavior of NiAl-5%AlN is in quite good agreement with the 
results previously reported for NiAl-10%AlN [3,4] except that the stress exponent of the current 
material (~9) is smaller than the others (>11). This difference in the stress exponent and the fact 
that our 5% A1N monolithic alloy is comparable with Whittenberger et al.'s 10% A1N rather than 
their 5% A1N are probably the result of the difference in the microstructure induced from the 
different processing route (MA vs. cryomilling). In particular there is a difference in the 
distribution of the A1N particles. Cryomilled NiAl has an inhomogeneous distribution of 
dispersoid , essentially located in prior particle grain boundaries, while MA NiAl has dispersoids 
located both at grain boundaries and in the matrix. 

The composites have an average stress exponent of 7.7. As fiber vol. fraction increases 
the flow strength increases at all strain rates. The 5% composite is stronger than the monolithic 
material at high strain rates (>   lxlO"4 s"1), but it is weaker than the monolithic material at slow 
strain rates (< lxlO"5 s"1) due to the smaller stress exponent. By reinforcing with 15 or 30 vol. % 
A1203 fibers, strengthening was achieved at all strain rates investigated. 

According to the model suggested by Rosier et al.[20], the two different types of 
reinforcements in NiAl-AlN-Al203 composites are those of ideal size and shape for retarding 
creep, i.e. for improving the high temperature strength of the NiAl matrix. The high creep 
strength of this composite compared to non-MA monolithic NiAl results from; (1) fine A1N and 
A1203 dispersion particles (typically less than 1 urn), distributed homogeneously both along the 
grain boundaries and within the grains, which inhibit dislocation movement. This is supported by 
TEM studies of the NiAl matrix in the 15% composite tested at 1300K and 8.5xl0"4 which show 
A1N particle-dislocation interaction, Fig. 9. (2) large aspect ratio (diameter: length =12 urn: 3 000 
urn) fibers can improve the strength by constraining the macroscopic flow over a wide strain rate 
range.  Such a large aspect ratio can minimize the diffusional assisted flow in composites which 
often causes ineffectiveness of fibers or even degradation of the matrix strength. The fiber/matrix 
interface in a deformed composite was also examined but no significant change was noted 
compared to the as-hot pressed material. 

At 1300K, the NiAl-5AlN-30Al2O3 has more than five orders of magnitude slower creep 
rate than XD processed NiAl [21] and about two orders of magnitude slower creep rate than XD 
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processed NiAl-30%TiB, [21]. The strength of this composite approaches that of NASAIR 100 
[22], a first generation Ni-base single crystal superalloy, Fig. 10. Constant load creep tests are 
being conducted to study slow strain rate behavior (below 10'Vsec) of the composites as well as 
monolithic material. An extensive microstructure evaluation of the composites is currently 
underway to identify the strengthening mechanism(s) of the composites. Further improvement in 
the strength of these materials is feasible through microstructure modification, such as grain 
coarsening through secondary recrystallization [23,24] and fiber alignment. Fibers with higher 
creep resistance would also produce an improvement in strength. 

4. CONCLUSIONS 

(1) NiAl powder containing about 5% A1N dispersion was synthesized by mechanical alloying of 
elemental nickel and aluminum under a nitrogen gas atmosphere. 

(2) Composites containing 5, 15 and 30 vol.% of A1203 fibers in addition to the A1N dispersion 
particles were fabricated by hot pressing a dry blend of the MA NiAl powder and the fibers. 

(3) As-fabricated microstructures revealed that the composite is fully dense and bonded well with 
the randomly distributed A1203 fibers. Neither chemical reaction nor cracks were observed at the 
fiber/matrix interface. 

(4) The compressive strength was studied at 1300K at strain rates varying from 8.5x10"* to 
2.3x10"8 sec"1 . The stress exponent of MA1-5A1N is 9.1 and the average stress exponent of 
composites is 7.7. The flow stress-strain rate behavior indicates that the creep rate of NiAl- 
5%AlN-30%Al2O3 is more than five orders of magnitude slower than XD processed NiAl and 
about two orders of magnitude slower than XD processed NiAl-30%TiB2. The current composite 
is one of the strongest NiAl-based alloys along with cryomilled NiAl-30%AlN, which approaches 
the level of NASAIR 100, a first generation Ni-base single crystal superalloy. 
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Fig. 1. NiAl-AlN-Al203 composite processing route. 
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Fig. 2   Light optical micrographs of the as-hot pressed materials,  (a) NiAi-5 volho AiN. unetcheci 
Co) NiAl-5voi.°o A1N-30 voIAc AuO-,. uneiched. 



Fig. 2   Com.   Light opiica! micrographs of the as-hot pressed materials, (c) NiAl-5voi.°-o AIN-30 
voi.°o AKO;. unetched. 



Fig. 3. "i"EM micrographs of the as-hot pressed NiAl-5 vol.°o A!N. ia)an overview (A: NiAi matrix. 
>; disoersoid panicles) tb) Dispersion panicle distribution (B; A1N. C.AbOu 



riii. -. "tVI micrographs of the as-hot pressed NiA!-5A!N-!5AKO; composite i)!menace 
between NiAl sirain and the AkO, fiber ib) interface between dispersion panicle and the AL,0; fiber. 
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PART C : Nb3Al-BASED MATERIALS 

SYNTHESIS AND CHARACTERIZATION OF MECHANICALLY ALLOYED 
INTERMETALLIC Nb3Al-BASE ALLOYS 

1. INTRODUCTION 

Prior to the advent of ceramic superconductors, the Nb3Al compound was extensively 
studied as a prime, high-temperature superconducting material. Now it is considered as a 
potential material for high temperature structural applications because of its high melting point 
(2060 C), moderate density (7.26 g cm"3) and tolerance to some deviations from stoichiometry 
enabling its alloying. The Nb3Al phase exhibits the Al 5 crystal structure and is extremely 
brittle at temperatures below 1475 K [1,2]. To date, Nb3Al has had no structural use. One 
approach to improving the ductility and toughness of any brittle material is to incorporate a 
ductile phase into the brittle matrix in order to prevent crack propagation [3]. Another 
approach is to reduce the grain size [4]. The goal of the present study was to combine these 
two approaches by processing (via mechanical alloying (MA)) a fine grained Nb - Al material 
containing a ductile Nb solid solution and the Nb3Al compound. 

The paper presents results of our preliminary studies of this novel material. The 
investigation is an extension of our research carried out on mechanically alloyed NiAl-based 
intermetallics to more refractory intermetallics. Our previous studies proved that MA is a 
viable processing route for production of NiAl-based intermetallics [5,6] with improved 
mechanical properties compared to their cast counterparts. 

2. MATERIAL PROCESSING 

The materials investigated in this study were produced by mechanical alloying of pure 
elemental powders in a Szegvari-type laboratory attritor mill. The appropriate amounts of 
powders were mixed to give the nominal compositions: Nb - 18 at. % Al (Nbl8Al) and Nb - 
20 at. % Al (Nb20Al). The total milling time comprised 2 hours at about -110 C and 85 hours 
at room temperature (water cooling) with rotational speed of about 450 rpm. The milling was 
carried out in a stainless steel tank using stainless steel balls with a 3/16" diameter, in an argon 
atmosphere at the controlled oxygen level of 1 - 3 wt. ppm. The ball-to-powder ratio was 
11:1. The powders collected at the end of milling were sieved through a 325 mesh prior to 
consolidation. The powder used for consolidation is shown in Fig. 1. 

Consolidation was carried out by hot pressing in an argon atmosphere at 1150 C for 2 
hours. The resulting material, in the form of cylinder compacts, was free from cracks with an 
average density of 7.8 g/cm3 (Nbl8A1) and 7.2 g/cm3 (Nb20Al). 

3. EXPERIMENTAL PROCEDURES 

The consolidated material was characterized by X-Ray diffraction using CoK 
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radiation, scanning and transmission electron microscopies, and mechanical testing comprising 
hardness measurements by Vickers indenter at a 5 kG load, compression tests and creep tests. 

The 10 mm high by 5 mm diameter cylindrical test specimens were electro-discharge 
machined from the center of the hot pressed compacts, away from the edge, to avoid regions 
of lower density. 

Compression tests were conducted on the NM8A1 alloy at room temperature, 800 C, 
and 1000 C. All compression tests were carried out at a constant cross-head speed of 0.5 
mm/min (strain rate    SJlO^s'1). 

Compression creep tests were performed in air using a SATEC M-3 creep machine. 
The testing was conducted over a 24 hour period in which displacement was sampled at 3 
minute intervals. The displacement was converted to strain which was plotted as a function of 
time. The steady-state strain rate (minimum creep rate) for each test was determined using a 
linear regression fit. Samples were tested under 40, 110 and 180 MPa loads at 875 C in order 
to determine the apparent stress exponent, n. 
The activation energy for creep, Q, was determined from the Arrhenius-type plot of the 
temperature dependent creep rate at constant stress. This was done by testing samples at a 
constant stress of 110 MPa for temperatures of 875 C, 825 C and 775 C. 

The disks for analytical Transmission Electron Microscopy (TEM) examinations were 
electropolished in a Struers Tenupol 2 jet electropolisher followed by 2 hours ion milling at 
low energy operating conditions (3 kV, 2 mA). TEM investigation was carried out using a 
Phillips CM 200 analytical transmission electron microscope operating at 200 kV equipped 
with an Oxford-Link X-ray Energy Dispersive Spectrometer (XEDS). 

4. RESULTS 

X^Ray diffraction analysis. X-Ray diffraction spectra, one of which is shown in Figure 2, 
were obtained from the consolidated material to identify the constituent phases. Three main 
phases were identified: Nb solid solution (Nbss), the Nb3Al phase with the cubic Al 5 
crystalline structure and a   - type Nb2Al tetragonal phase. Also small peaks coming from 
A1,03 were recognized. No peaks from Al were identified indicating that the entire aluminum 
content was tied to niobium and oxygen. 

Hardness. Since microhardness measurements gave large scatter of results, regular hardness 
tests were carried out. At 5 kG load, the values of Vickers hardness of the Nbl8Al and 
Nb20Al specimens were 644 and 810 HV, respectively. While indentations in the Nbl8Al 
specimen were microcrack-free, the indentations in the Nb20Al specimen exhibited 
microcracks originating at indentations' corners. The much higher value of hardness for 
Nb20Al sample corresponds to a lower content of the Nbss phase, an observation consistent 
with the X-Ray analysis. 

Compressive behavior. The compression properties of the Nbl8Al alloy at room temperature, 
800 C and 1000 C are listed in Table 1. The properties of mechanically alloyed NiAl prepared 
for a previous study [7,8] using the same processing and consolidation techniques are also 
included in Table 1. Mechanically alloyed Nbl8AJ showed a remarkable retention of strength 
superior to that in the nickel aluminides. The Nbl8Al alloy exhibits almost the same 
compression properties at 1000 C as the NiAl at 800 C. However, at 1000 C, work softening 
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occurred upon reaching the maximum stress, allowing for the deformation of the specimen to 
near 20% strain at which value the test was stopped. Typical strain-stress curves at different 
temperatures for the Nbl8Al alloy are shown in Fig. 3. The yield stress of the specimen 
decreases rapidly with increasing testing temperature. There is no indication of serrations or 
stress drops suggesting that uniform deformation took place in all specimens tested. The 
compressive strength increases with increasing aluminum content which is attributed to the 
corresponding decrease in the volume fraction of Nbss phase. 

Creep behavior. The results of the creep tests of a Nb20Al sample conducted at 875 C are 
shown in Fig. 4. The steady-state creep rates determined for Nb 18Al and Nb20Al at 875 C are 
listed in Table 2. The strain versus time curves, Figures 4 and 5, illustrate the extent of 
deformation endured by the specimens during the test. The amount of deformation was less 
for Nb20AJ samples. The difference between the materials, however, becomes less 
pronounced at lower values of stress. The values of the steady-state creep rate for the Nbl8Al 
samples were 1.5 to 2.3 times higher than those in Nb20Al. 

Additional creep tests of Nb20Al, conducted at 110 MPa and at temperatures of 825 C 
and 875 C enabled the activation energy for creep to be calculated. The relevant creep curves 
are shown in Fig. 5. The activation energy of Nb20Al was calculated to be 371 KJ/mol, and is 
listed along with the minimum creep rates at 110 MPa in Table 3. 

Transmission Electron Microscopy. The average grain size estimated on electron 
micrographs is less than 1 m (Fig. 6). The intermetallic phases can be easily distinguished 
from the niobium solid solution: niobium grains contain high dislocation density while in 
Nb3Al as well as in Nb2Al numerous stacking faults occur (Fig. 6). Small A1203 particles 
embedded in other phases or appearing on grain boundaries have rounded shapes, though 
bigger oxides - on the order of grain size - were also found. 

Stacking faults were found in the Nb3Al phase of the as-received material (Figs 7, 8) 
and even more in the deformed specimens. These defects lie predominantly on {100} planes. 
Some partial dislocations had <100>-type Burgers vector, however, in many cases, Burgers 
vectors, and consequently, the displacement vector for these faults, have not been determined. 
The stacking faults exhibited rather complex behavior giving sometimes nonsymmetric fringe 
contrast. The termination of these faults on grain boundaries (Fig. 8) or on other larger faults 
rather than on partial dislocations was often observed. No perfect dislocations were found. 
The stacking faults in the Nb2Al phase exhibit even more complex character and have not been 
analyzed yet. 

5. DISCUSSION 

The presence of the solid solution Nbss and Nb3Al was predicted based on the analysis 
of the Nb-Al phase diagram, the dispersoids are a natural product of mechanical alloying 
whereas the occurrence of the unexpected tetragonal   phase can be rationalized by the nature 
of mechanical alloying that frequently produces far-from-equilibrium phases as a result of large 
amounts of impurities shifting phase boundaries on the respective phase diagrams. Also, an 
incomplete homogenization during consolidation may contribute to the presence ofthat non- 
equilibrium phase. The high density of dislocations in Nbss grains, observed in both as-received 



and deformed specimens, can be explained by a significant difference in the coefficient of 
thermal expansion between the intermetallic and Nbss phases [9]. 

The Al 5 crystal structure of the Nb3Al compound can be depicted as a b.c.c. lattice 
formed by Al atoms and orthogonal chains of Nb atoms, parallel to the <100> directions, 
crisscrossing the b.c.c. arrangement of Al atoms. Such structure can be also described in terms 
of the stacking of three different types of layers, a   b  a   b, parallel to the cube faces - Fig. 9 
[10, 11]. Each layer corresponds to {400} planes in the structure. Removing one or more a or 
b closely packed layers produces stacking faults in such a structure. None of the layers has the 
stoichiometric composition and thus the removal of a layer to produce a stacking fault will 
cause a local change in composition. 

The presence of such stacking faults may play a role in "absorbing deviations from 
stoichiometry" [10]. Attempts to find a correlation between the presence of stacking faults and 
a deviation from stoichiometry support partly this hypothesis. The aluminum content in grains 
containing stacking faults measured by XEDS, changed from ca. 14% to 28% at. but the most 
common concentration was 16-18%. Some grains without any stacking faults exhibited much 
smaller deviation from stoichiometry (Al content was always above 20% at.). It is interesting 
to note that some grain compositions correspond to phases Nb5Al (17 at. % Al) and Nb5Al2 

(29 at. % Al) that were reported in the Nb-Al system by Richards [12,13], however, never 
confirmed later. As far as stoichiometric composition is concerned, the hypothetical Nb5Al 
phase corresponds to the stacking fault formed by removing the plane a, and the Nb5Al2 

"phase" may occur as a result of removing the plane   (Fig. 9). The composition that matches 
the latter phase was found only occasionally suggesting that this kind of stacking fault is less 
common in the Nb3Al structure. Fig. 10 shows several grains with different concentration of 
Al (at. %): A - 23% (Nb3Al), B - 17%, C - A1203, D - 4% (Nbss). Selected area diffraction 
patterns (SADPs) taken from grains exhibiting large deviation from stoichiometry (grain B in 
Fig. 10) do not correspond to a cubic phase while those with small deviations (grain A in Fig. 
10) strictly match the Nb3Al phase. One can also speculate that such phases may appear as 
metastable phases which decompose later to a mixture of Nbss, Nb2Al and Nb3Al phases. 
Though the number of such grains is not significant (below detection by X-Ray spectroscopy), 
further investigation utilizing convergent beam electron diffraction may help to find out if the 
grains constitute really separate phases or are just off-stoichiometric grains of the Nb3Al 
phase. 

The appearance of stacking faults in Nb3Al strictly corresponds to the situation 
described earlier by Smith et al. [10] and their hypothesis regarding the origin of stacking 
faults formed as a result of the coalescence of point defects is supported by the present TEM 
studies. However, the fact that more stacking faults were found in the deformed specimen 
suggests that they may have been produced by glide processes. Indeed, Murayama et al. [9] 
have recently reported that high densities of planar faults bounded by partial dislocations are 
formed on {100} planes during plastic deformation above 1473 K. Murayama et al. [9] found 
the Burgers vector of the partial dislocations and the displacement vector of the stacking fault 
to be <100>. In our study, the Burgers vector of partial dislocations, <100>, was also 
determined. This leads us to hypothesize that <100>{001} slip controls plastic deformation 
and the hypothesis rationalizes the Nb3Al brittleness. 

The analysis of mechanical properties (compression and hardness tests) indicates that 
our attempt to ductilize the Nb-Al alloys by introducing the ductile Nbss phase was not fully 
successful since the examined samples exhibited only limited compression ductility. However, 
the lack of cracks on the surface of the hardness-tested Nbl8Al sample may indicate that the 

C-4 



Al composition at which brittle-ductile transition occurs is higher than that found by Suyama 
et al. (16% Al) for the Nb-Al alloys [14]. This can be attributed to grain refinement in the 
examined alloys. Also, extensive deformation of samples tested at 1000 C suggests that the 
brittle to ductile transition temperature is lower in the present material than the value reported 
by Shah and Anton for arc-melted Nb3Al [2]. 

The lower minimum creep rate of Nb20Al compared to Nbl 8Al is apparently due to 
the lower amount of the Nbss phase in the micro structure of Nb20Al. Creep properties of 
Nb20Al along with those of the NiAl [15] and a cast (arc melted) alloy Nb-18 at. % Al 
reported by Anton and Shah [16] are shown in Table 4. As it can be seen, the minimum creep 
rate of the Nb20Al niobium aluminide is lower than that of the nickel aluminide. The stress 
exponents of the two mechanically alloyed materials are almost identical. Because the two 
materials were synthesized by the same procedure, tested under nearly the same conditions 
and are both oxide dispersion strengthened, it can be assumed that the creep mechanism is the 
same. Traditional creep theories for simple metals predict stress exponents within the range 3 - 
5 and our results also fall into this range. From our research conducted on mechanically 
alloyed NiAl-based alloys, it was concluded that the creep mechanism for those materials was 
dislocation creep in which the movements of the dislocations in the matrix were restricted by 
the oxide dispersoids [8]. In overcoming the obstacles, dislocations climb. Therefore, the 
dislocation creep of MA NiAl is ultimately controlled by vacancy diffusion. The determined 
value of the activation energy of MA NiAl corresponded to the range of activation energies 
for diffusion determined experimentally [17]. 

For Nb3Al, Anton and Shah [16] modeled the activation energy for self diffusion using 
the inter-diffusion coefficient = DANB + DBNA, where is the inter-diffusion coefficient, D; the 
diffusivity of species / in the compound and N; the molar fraction of species /'. The value of the 
inter-diffusion coefficient for Nb3Al was determined to be 366 KJ/mol [16]. This value closely 
matches the activation energy for creep of Nb20Al, 371 KJ/mol, determined in the present 
study. 

The nearly identical values of stress exponents in Nb20Al and NiAl indicate that in the 
two materials the same creep mechanisms occur. These stress exponents are typical for 
dislocation creep, and are higher than those expected for diffusional flow. In addition, 
diffusional flow is believed to be predominant at temperatures greater than 0.7Tm, higher than 
the present test temperatures for both NiAl and Nb20Al. The activation energy of cast Nb- 
18%Al [16] is comparable to that of Nb20Al and is also close to the chemical diffusion 
coefficient for Nb3Al. The reported creep mechanism for the cast material is diffusion 
controlled dislocation climb [16]. The stress exponent for the cast material was slightly lower 
than that found for NiAl and Nb20Al. The lower value of the stress exponent may be 
attributed to the test temperature of 1200 C being near the regime for diffusional creep. 

6. SUMMARY AND CONCLUSIONS 

It has been shown that mechanical alloying followed by hot pressing is a viable processing 
route for niobium aluminide intermetallics. X-Ray spectroscopy as well as transmission electron 
microscopy studies revealed a multi-phase microstructure consisting of Al 5 Nb3Al, b.c.c. niobium 
solid solution, tetragonal Nb2Al and randomly dispersed particles of A1203. Grain sizes of 
constituent phases were less than 1 urn. The grains of the Nb solid solution exhibited a high 
dislocation density, whereas stacking faults were present in both the Al 5 and phases. The 
improvement in strength of the mechanically alloyed material was due to the refined grain size and 
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oxide dispersion in the microstructure. Although they lacked room temperature ductility, their 
ductile to brittle transition temperature was lower than that reported for arc melted Nb-18Al. The 
compressive strength of the examined materials was found to be superior to the NiAl alloy 
processed and tested at the same conditions, but the ductility was lower. The minimum creep rates 
of both tested materials were found to be approximately one order of magnitude less than those 
in MA NiAl. The mechanism for creep deformation in mechanically alloyed niobium aluminides 
is postulated to be dislocation creep through diffusion controlled climb. The above findings 
allow me to state that the new materials exhibit potential for high temperature structural 
applications such as aircraft turbine blades, disks, vanes, etc. The progress in this area - the 
development of next generation aircraft turbine engines, hinges actually on the design and 
development of new, advanced, structural materials such as niobium aluminides, the materials in 
question. 
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Table 1. Comparison of compression properties of Nbl8Al alloy and MA NiAl. 

Material Yield Strength [MPa] Max. Strength [MPa] Max. Strain [%] 
R.T. 800 C 1000 C R.T. 800 C 1000 C R.T. 800 C 1000 C^ 

NM8A1 1615 884 310 2115 1344 500 1 3.2 19* 

NiAl 1100 310 57 1836 325 90 2.8 1/ 12* 

* Strain at which test was stopped. 

Table 2. The minimum creep rates [s-1] of Nb20Al at 875°C 

Stress [MPa] Nbl8Al Nb20Al 
40 2.15 10"9 1.34 10"9 

110 9.41 10"s 6.92 10"s 

180 5.73 10"7 2.56 10"7 

Stress 3.7 3.6 
Exponent 

Table 3. The minimum creep rates of Nb20Al at 110 MPa 

Temperature [ C]       Creep Rate [s~ ] 
875 6.92 10"8 

825 2.5 10"s 

775 1.73 10 -9 

Activation Energy 371 kJ/mol 

Table 4. Comparison of creep properties of Nb20Al, MA NiAl [15] and arc-melted Nb-18%A1 [16] 

Stress Exponent Material Min. Creep Rate [s"1] 

Cast Nb-18%A1 samples were tested in compression under vacuum conditions [16] 

Activation Energy 
[KJ/mol] 

Nb20Al 
(875 C, HOMPa) 

6.92x10-s 3.6 371 

NiAl 
(850 C, HOMPa) 

2.7xl0"7 3.5 204 

CastNb-18%Al* 
(1200C, lOOMPa) 

1.5X10"6 2.19 347- 
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Fig. 1  Scanning Electron Micrograph of as-milled powder. 
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Fis.2 X-Rav diffraction pattern of the Nb 18 AI samo! 
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Fig.3 Mechanical properties of the NM8A1 sample tested in compression. 
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Fig.4 Creep curves of the Nb20Al sample at 875 C. 



Fis.5 Creec curves for the Nb20Al sanmle at 110 MPa. 

Fig.6 "Typical rnicrostructure of the as-hot-pressed Nb 18A1 sample; i EM. 



Fig.7 Characteristic stacking faults in the Nb;,Al phase. 

Fig.8 Stacking faults iii tiie NbiAI phase terminated on a gram boundar\ 
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Fig. 9 Arrangement of atoms in the A15 crystal structure (after Ref. [10. i 1]). 

23= = A!.   B - 17cc A!.   C - AlO,.   D - 4% A! (Nb..; 

g. IG The microstructure of ihe Nb 18Al alloy with corresponding SADPs (SADPs not oriented with the 

image). A - NthAL orientation B=[011]; B - non-cubic phase; C - AI2O3: D - Nbss. 


